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ABSTRACT
Neutron scattering from amorphous polymers allows to switch from inco-
herent to coherent scattering in the same substance. The power of the
tool for the study of the picosecond dynamics of disordered matter is il-
lustrated for polybutadiene, polycarbonate and polystyrene. The results
suggest a mixture of sound waves and localized modes, strongly interact-
ing with each other, in the picosecond range.

1 Introduction
The picosecond dynamics of disordered matter, though heavily studied [1], is poorly
understood. One finds much more low frequency motion than in corresponding crys-
talline substances. This is not only true at low temperatures, where glasses exhibit
tunneling states [2] and localized low frequency vibrations coexisting with the sound
waves [3, 4], but also at the glass transition temperature, when the undercooled liquid
freezes in to form a glass.

The question of the present paper is: What can we learn about the picosecond
dynamics of disordered matter (solid or undercooled liquid) by inelastic neutron scat-
tering? For that question, measurements on amorphous polymers are particularly
useful for the following reasons:

(i) By chemical tailoring of the regularity of the polymer chain, one can easily
achieve enough chemical disorder to avoid crystallization at all temperatures, even
for the long times needed in a neutron measurement

(ii) As already mentioned in the abstract, one can measure the incoherent scat-
tering in a protonated sample and the coherent scattering in a deuterated sample

(iii) There is a clear separation of interactions: the elastic constants, which de-
termine the sound waves, are due to the van der Waals interaction between different
polymer chains, while any localized mode requires changes of the configuration of one
or more single chains

(iv) While the sound velocities do not vary drastically from polymer to polymer,
one has a wide range of glass transition temperatures, such as Tg = 186K in polybu-
tadiene and Tg = 423K in polycarbonate.

Most of the inelastic neutron scattering data from glasses collected so far focus
on the spectra and their temperature dependence. These are indeed interesting;
as examples, we will discuss those of polybutadiene and polycarbonate in the second
section of the paper. The quantitative evaluation shows an excess of additional modes
in the meV region over the expectation for the density of sound waves from the known
sound velocities. At low temperatures, these additional modes appear as a broad peak
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at about 2 meV, the so-called boson peak. At higher temperatures, the additional
scattering looks more like a broad quasielastic line.

However, one quickly realizes that the spectra alone do not tell enough. This
is obvious from the many different interpretations of the spectra in the literature:
mode coupling theory [5], fast relaxations [6] related to Ngai's coupling model [7] or
a mixture of vibrations and relaxations [8]. In particular, neither the spectra nor
their temperature dependence allow to decide what kind of modes one deals with. In
order to get information about the eigenvectors of the motion, one needs to study the
momentum transfer dependence of the inelastic scattering. That task is more difficult
than a simple measurement of the spectra. It requires good measurements from thin
samples in order to be able to manage the multiple scattering corrections.

In section 3, we will treat the momentum transfer dependence of the incoherent
scattering, which contains information on the localization of the modes (more gen-
erally speaking, information on the dynamical heterogeneity of the motion). Section
4 deals with the information obtainable from the momentum transfer dependence of
the coherent scattering. That possibility is only now beginning to be exploited; the
next years will probably bring more detailed information on the eigenvectors of the
picosecond motion than what we have now.

2 Neutron spectra

If one does a neutron time-of-flight experiment on an amorphous protonated polymer
sample at low temperatures - 50 or 100 Kelvin -, the evaluation is easy and straight-
forward. One can neglect the small coherent part of the scattering, because the large
incoherent scattering cross section of the proton (81 barns!) dominates. At the low
frequencies of the order of 1 meV, one still can be sure that the scattering from the
proton reflects the dynamical behaviour of the polymer chain. Since the atomic mean
square displacements of the protons are small, the one-phonon approximation [9] is
still accurate:

In this equation, e~2W is the Debye-Waller factor connected with the mean square
displacement of the protons (we will come back in more detail to the Debye-Waller
factor in the next section), Q is the momentum transfer of the scattering process,
huj is the energy transfer, M is the mass of an appropriate microscopic unit (in the
polymers usually the mass of a single monomer) and g{w) is the vibrational density
of states of the sample, normalized conventionally to three states per mass unit.
The Bose factor /B approaches the classical limit ksT/hu; at low enough frequencies
(T temperature). Consequently, the spectrum at low frequencies and not too low
temperatures measures g(u;)/u}2. By referring the inelastic intensities to the elastic
line, one can extract that quantity without any adaptable parameter. This is a first
demonstration of the quantitative character of the neutron scattering tool in this
contribution; there will be more to follow.

Fig. 1 shows the vibrational density of states of polybutadiene, obtained from
time-of-flight neutron data [8] and plotted as g(E)/E2 against the energy transfer
E = hw. Let us first focus on the 60 Kelvin data. They show a broad boson peak at
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2.3 meV. At low frequency, the scattering extrapolates to a constant value. That is
what one expects on the basis of the sound wave picture (the Debye model). According
to the Debye model, the vibrational density of sound wave states $z>(u>) is given by

, . 3w2 Vm f 1 2 1
9D{U>) = T = H 1 + 1 W

a>f, 6TT2 [vf vf\ (2)

where Vm is the volume of a monomer and vi and vt are the longitudinal and transverse
sound velocities, respectively. The arrows in Fig. 1 were calculated from ultrasonic
[10] and Brillouin measurements [11] of the sound velocities using eq. (2). Since the
density of the sound waves increases with w2, the corresponding classical scattering
spectrum is simply a frequency-independent constant. The spectrum at 60 Kelvin
starts from that expected constant at low frequencies (note there is no adaptable
parameter in this comparison!) and then shows an excess of modes over that constant
value by a factor of two at the boson peak.
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Fig. 1. Neutron spectra of polybutadiene, evaluated in terms of a vibra-
tional density of states g(E)/E2 and plotted against the energy transfer
E = faj) at three different temperatures. The arrows show the Debye den-
sity of states calculated from ultrasonic [10] and Brillouin [11] data. The
continuous lines are fits in terms of the vibration-relaxation model [8].

The interpretation of the 60 K spectrum in terms of a vibrational density of state
is further supported by the good agreement of specific heat data between 3 and 10
Kelvin with values calculated from the neutron vibrational density of states. Again,
there is no adaptable parameter in that comparison.

With rising temperature, the spectra reveal a strongly anharmonic behaviour at
the low frequency end. Nevertheless, one can still present the results in terms of
an effective vibrational density of states, though the strong rise at low frequency
indicates a quasielastic signal, usually ascribed to some relaxational motion.
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Fig. 1 illustrates the central problem for the understanding of the dynamics of
disordered matter: On one hand, the quasielastic shape of the scattering at higher
temperatures implies relaxational dynamics, as for instance postulated by the mode
coupling theory [5] or the coupling model [7]. The concept of relaxational dynamics
is certainly valid at lower frequencies. On the other hand, there is a strong decrease
of the sound velocities at the Brillouin frequencies (about 10 GHz, corresponding to
an energy transfer of 40 fxeV). If one calculates the corresponding increase of the
density of sound wave states from eq. (2) (note that the sound velocities enter with
the third power!), one gets the three arrows in Fig. 1. Thus one does not know for sure
whether one deals with picosecond relaxations or with a softening of meV vibrations
or a mixture of both. That insecurity has led to a confusing variety of different
theories and models which are often hard to understand and difficult to disprove.
Most probably, the final explanation will have to contain both a vibrational softening
and an onset of a fast relaxational motion. We will come back to this problem in
section 4.
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Fig. 2. Bose- and Debye-Waller scaled neutron spectra of polycarbonate
[12] at different temperatures.

In most glass formers, that anharmonic change of the spectra sets in at or at least
near to the glass transition temperature. However, there are notable exceptions. One
of them is polycarbonate [12], shown in Fig. 2. The Bose and Debye-Waller scaled
spectra of Fig. 2 show the same anharmonic effects as those in polybutadiene, but
at temperatures much lower than the glass transition temperature of 423 Kelvin (in
fact, at more or less the same temperature as in polybutadiene with its much lower
glass transition temperature). A complementary example is vitreous silica [13], which
shows no visible relaxation or vibrational softening even 200 Kelvin above the glass
transition. These two examples suggest there is no direct connection between the
picosecond dynamics and the glass transition. In fact, there should not be any such
connection. The glass transition, defined pragmatically as the point in temperature
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where the structural relaxation of the undercooled liquid takes minutes to hours to
reach equilibrium, has nothing to do with the motion on the picosecond time scale. On
the other hand, one can easily imagine an indirect connection: In most glass formers,
the thermal expansion increases by a factor of two to three at the glass temperature.
Thus it is no wonder that one finds a quicker developement of the anharmonic effects
above the glass temperature in many glasses.

3 Q dependence: incoherent

Prom eq. (1), one would think the Q dependence of the incoherent scattering is rather
trivial, namely e~2W for the elastic line and Q2e~2W for the inelastic scattering. Since
2W = < (Q • u)2 >, where u is the atomic displacement, one expects a linear decrease
of the logarithm of the elastic intensity with Q2. As we shall see, however, one finds
deviations from that expectation in glasses. The explanation of these deviations is
most probably connected with localized modes at low frequencies.

Localized low frequency modes in disordered matter were first discovered in numer-
ical work on model glasses [4, 14,15,16,17, 18]. The evidence is not fully conclusive,
because the modes tend to delocalize with increasing cell size and the influence of
long wavelength modes is missing.

In real glasses, there is no direct evidence so far. One does find low frequency
vibrations coexisting with the sound waves and giving rise to the boson peak in
Raman and neutron scattering [19]. If there is a continuous crossover from the low-
barrier tunneling states [2] to these additional vibrational modes, one would expect
them to be localized. Such a crossover has been postulated in the soft potential model
[20]. An evaluation of low-temperature specific heat data in terms of that model [21]
estimates a number of twenty to hundred atoms partaking in a single vibrational
mode, in good agreement with the numerical work [4, 14, 15, 16, 17, 18]. One begins
to understand vibrational localization in porous solids [22], but the physical reason
for the vibrational localization in disordered bulk matter is not yet clear.

Very recently [23], incoherent inelastic neutron scattering was used to measure the
localization of low frequency vibrational modes in glasses. The method was applied
to two amorphous polymers, polystyrene and polybutadiene.

The method works as follows: Consider a localized low frequency mode at a
frequency u;,. For simplicity, let us assume Na atoms with the total mass Ma and
vibrating with the same amplitude u, (though not necessarily in the same direction)
in that mode. For ksT » hua,

As an example, the low frequency vibrations in amorphous selenium seem to be
localized to twenty atoms [21]. At the boson peak frequency (1.4 meV), one calculates
a mean square displacement < u\ > of 0.012 A2 for such a localized mode at 100 K.
The average mean square displacement measured at that temperature [24] is 0.009
A2 for a single direction. Thus the mean square displacement contribution from the
localized mode at a participating atom exceeds the average contribution from all the
other modes, at least in the direction of vibration of the localized mode. Since it
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is precisely that direction which is sampled in the inelastic neutron scattering from
the localized mode, one expects to see an increase of the effective Debye-Wallerfactor
exponent in the one-phonon scattering at the mode frequency.

The contribution of atom i participating in the mode to the one-phonon scattering
[9] from the localized mode is given by

S$T(Q,a>) = i e - ^ W Q 2 < «. >2 cos2 d 5(u> ± «.). (4)

Here 8 is the angle between the direction of vibration of atom i in the mode and the
direction of the momentum tranfer vector Q. The Debye-Wallerfactor Wt(Q) is given
by

2Wi{Q) = (a+<u2
s> cos20)Q2, (5)

where aQ2 describes the contribution from all other modes.
Averaging over 6 and the participating atoms, one finds that the one-phonon

scattering from the localized mode is seen with a Debye-Wallerfactor 2W ~ (a +
Aa)Q2 where

Aa - - < u] > . (6)
o

Measuring Aa through the Q dependence of the inelastic scattering, one can deter-
mine the localization of the mode.

The inelastic scattering does not only contain the one-phonon term, but also
multiphonon terms [9], which give a negative contribution to the effective Debye-
Waller exponent in the inelastic scattering. They result from all possible combinations
of different vibrations, so their calculation is rather cumbersome. However, there is
an easy way to take them into account, at least to a reasonable approximation. One
fits the Q-dependence of the full inelastic intensity at a given energy hw by the one-
phonon form

S(1)'inc(Q,u;) - f{u)Q2fra(")Qi (7)

over the whole relevant frequency range of the spectrum. Thus one gets at each
frequency two parameters , namely the initial slope f(u>) against Q2 at small Q and
the effective Debye-Waller-exponent a(a>). The latter contains the Aa of the one-
phonon scattering which one is looking for.

In order to extract Aa, one can compare the fitted values of the effective Debye-
Waller-exponents a(u>) with those calculated in the gaussian approximation. The
gaussian approximation assumes for each atom a gaussian probability distribution
around its position at time zero. The time-dependent width j(t) of that probabil-
ity distribution is assumed to be the same for each atom and each spatial direction.
S(Q,u>) is then obtained as the Fourier transform in time of the intermediate scat-
tering function

^ 2 (8)

The gaussian approximation has been found to be reasonably accurate in high resolu-
tion experiments on polymers at elevated temperatures [25, 26], but seems to fail at
lower temperatures in other substances [27, 28], indicating an influence of localized
low-frequency modes at low temperatures.
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Equating the Q2 coefficients in the expansions of S(Q,t) and of the Fourier trans-
form of S(Q,UJ), one finds

Thus one can calculate the full gaussian scattering from f(w) alone and fit the scat-
tering law with the one-phonon form, eq. (7), to see what the effective Debye-Waller
exponent in the measurement range should be without any localized modes. The
difference can then be attributed to the localization.

In ref. [23], time-of-flight data on amorphous protonated cis-trans polybutadiene
[8] and amorphous polystyrene [29] were evaluated along these lines. The validity of
the procedure was checked by a measurement of a 98 % crystalline trans polybutadiene
sample. All data were taken on the spectrometer IN6 at the HFR at Grenoble with a
wavelength of the incoming neutrons of 4.1 A. At that particular wavelength one has
the largest Q-range available at the instrument and an exceptionally high intensity.

The comparison of experiment and theory requires substantial corrections for self
absorption, resolution tails, multiple scattering and coherent scattering contributions.
This is illustrated in Fig. 3, which shows raw and corrected data. The dashed line
shows the result of a global fit of the whole dataset in terms of gaussian scattering.
The deviations from that fit are larger than the statistical error of the measurement,
but they are smaller than the corrections, which therefore require due care.
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Fig. 3. Q dependence of the inelastic scattering from polystyrene between
0.5 and 2.5 meV at 180 K, showing a comparison of raw and corrected
data and the difference between gaussian and nongaussian fits.

The self absorption correction is a standard procedure which requires good knowl-
edge of the scattering, absorption and shape of the sample. The correction for tails of
the elastic line are small at the chosen wavelength because of the sharp cutoff of the
beryllium filter. Only the energy gain part of the spectrum was used; the other part



386

was calculated via detailed balance. After subtracting the tails, the inelastic scatter-
ing from single-scattering processes must extrapolate to zero for zero Q. This can be
used to judge the quality of the multiple scattering correction. After subtracting mul-
tiple scattering, the curves did indeed extrapolate to zero at zero Q for all frequencies.
Once this is guaranteed, it is possible to extrapolate S(Q,u>) for higher frequencies
to small Q. This allows a final normalization correction using f Sinc(Q,w)du = 1, to
remove the remnants of coherent scattering.
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Fig. 4. Comparison of measured and calculated a{u). The dotted line
adds a 1/w2 term to the gaussian calculation, (a) Amorphous cis-trans
polybutadiene at 60 K (b) Amorphous polystyrene at 180 K (c) Crystalline
trans polybutadiene at 180 K.

After correcting, one can fit the Q dependence of an inelastic channel with the one-
phonon term, eq. (7). The one-phonon form with an effective adapted Debye-Waller
factor turned out to describe the data within experimental error for all three samples
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at all frequencies and temperatures. Fig. 1 shows an example for the quality of the
fit. Repeating the same fit up to frequencies of ZksT, one gets a set of /(a;) from
which one can determine the gaussian values for the effective Debye-Waller exponents
a(u>).

Fig. 4 compares the Debye-Waller exponents a(u;) fitted to the measured data
with those determined from the gaussian approximation for three different examples.
The first in Fig. 4 (a) shows amorphous cis-trans polybutadiene at 60 K (glass tran-
sition temperature 183 K). One observes deviations from the gaussian values at low
frequencies, consistent with a mass M, of 580 atomic units (eleven monomers) par-
ticipating in a single localized mode. The second example in Fig. 4 (b) is amorphous
polystyrene at 180 K, well below its glass transition temperature of 373 K. One finds
good agreement between experiment and gaussian calculation above 5 meV (note
that at 15 meV the Debye-Waller exponent becomes negative, because the density
of states is low and the multiphonon scattering prevails), but at low frequencies one
finds deviations. These deviations again seem to follow the 1/u;2 behaviour predicted
by eq. (3) down to about 1 meV within experimental error (below 1 meV one expects
a slower increase of < u\ > due to the anharmonicity and to the sound wave contri-
bution to the inelastic scattering [21]). From the prefactor, one calculates (via equs.
(1) and (4)) a total mass Ms of 650 atomic units (about six polystyrene monomers).

The crystalline sample in Fig. 4 (c) shows no deviation at the lowest frequency
(the deviations around 5 meV are probably due to the stronger effects of the remnant
coherent scattering which is much sharper in Q). The absolute values are about the
same as those of the amorphous sample at a three times lower temperature. Since
the mean square displacement of the crystalline sample increases essentially linearly
with temperature, this implies much smaller values in the crystalline polymer.

It is interesting to relate the nongaussian behaviour of the inelastic data to the
corresponding nongaussian behaviour of the elastic line. The Q dependence of the
elastic line of the incoherent scattering for an ensemble of N gaussian scatterers with
different mean square displacements is given to order Q4 by

l ^ < - a i Q 2 > « e < - S Q 2 + ^ - * 2 > Q 4 ) , (10)

where a and a2 are the averages of a» and a2, respectively. The dimensionless coef-
ficient (a2 — a2)/a2 is denoted as the nongaussianity Ao.

The nongaussianity parameter Ao can be calculated from the equations

J—oo (X

where the integrals are taken over the inelastic part of the scattering. For polystyrene
at 180 K, one finds a value of 0.52, much higher than the value 0.09 anticipated from
the factor of two between the average mean square displacements of the five protons
on the phenyl ring and the three protons on the chain [30]. However, the value is in
good agreement with recent triple axis measurements of the elastic line of polystyrene
over a large Q range [31]. For polybutadiene, Ao is 0.55 at 60 K and decreases to
0.35 at 135 K, in excellent agreement with a recent backscattering measurement on
the IN13 at the ILL Grenoble [32].
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All three measurements indicate a marked decrease of the nongaussianity towards
higher temperatures (Fig. 5). A gradual delocalization of the vibrational modes has
been also observed in numerical work [17]. Another simulation [15] shows localized
modes in low-temperature amorphous ice, but no vibrational localization in room-
temperature water. One should note, however, that the criterion for localization of
the neutron measurement differs from the eigenmode criterion of the simulations.
Two weakly coupled localized modes on two neighbouring groups of atoms appear
as two eigenmodes extended over both groups in the simulation, but as two separate
modes in a measurement of the atomic mean square displacements.

amorphous polystyrene

100 200 300

temperature (K)

400 500

Fig. 5. Temperature dependence of the nongaussianity parameter AQ in
polystyrene. The line is a guide to the eye.

The interpretation of the data in terms of a single kind of localized modes oversim-
plifies the real situation in many ways. In particular, a full treatment will have to take
the sound waves and their interaction with the localized modes into account. Such a
treatment, however, requires a theoretical understanding which is not yet available.
The next section deals with coherent neutron scattering measurements which shed
some light on this aspect of the picosecond dynamics.

4 Q dependence: coherent

Many evaluations of coherent inelastic neutron data concentrate on the frequency
dependent spectra, following the mode-coupling assumption [33] of a decoupling of
the Q and u> dependence. For polybutadiene, a well-studied glass former [8], one
finds, however, strong deviations from the decoupling assumption [34]. While at low
frequencies the inelastic spectra exhibit a pronounced sound wave like coherent form
factor indicating long wavelength excitations, at higher frequencies more localized
vibrations prevail.
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The sample was fully amorphous deuterated (l,4)-cis-trans polybutadiene with a
molecular weight of 100.000 atomic units. The data were taken on the spectrometer
IN6 at the HFR at Grenoble with a wavelength of the incoming neutrons of 4.1 A.

Fig. 6 (a) shows the intensities in the elastic window (resolution width 150 fJieV)
at the two temperatures 20 and 293 K (the glass transition temperature is 186 K).
At low momentum transfer Q, one finds a small amount of small angle scattering,
possibly due to some impurities and essentially temperature independent. Around 1.5
A"1, there is a pronounced peak due to interchain correlations (correlations between
different chains lying side by side and attracted towards each other by van der Waals
forces). The continuous line through the 20 K data points is a fit with an appropriate
form, describing the peak at 1.5 A"1 by the three parameters of a Lorentzian.
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Fig. 6. (a) Q dependence of the elastic window scattering from polybu-
tadiene at 20 and 293 K, together with the fits described in the text; (b)
comparison of mean square displacements from the Debye-Waller factors
2W = Q2 < u2 > of protonated and deuterated polybutadiene.
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It turned out to be possible to describe the elastic window data at higher tem-
peratures by the same form, adapting only the three parameters of the Lorentzian
and the exponent 2W =< u2 > Q2 of a Debye-Waller factor. The continuous line
through the 293 K data shows the fit at room temperature. The Debye-Waller factors
determined in this way agree within experimental error with those determined from
the incoherent scattering of protonated samples (Fig. 6 (b)). This shows that one has
a reasonable quantitative description of the elastic window intensity S(Q,0), which
will be needed for the quantitative treatment of the inelastic scattering.
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Fig. 7. Q dependence of the inelastic scattering from polybutadiene at
different frequencies (a) at 60 K (b) at 207 K (c) at 293 K, together with
the fits described in the text.

Fig. 7 shows the Q dependence of the inelastic scattering for two different frequen-
cies, one near to the elastic window and the other one at a slightly higher frequency,
around 5 meV. One sees immediately that the decoupling approximation is not valid:
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the Q dependence near to the elastic line reproduces the peak at 1.5 A"1 and the one
at higher frequency does not. This holds for all three sets of data in Fig. 7, from well
below the glass temperature up to high above.

Even without quantitative analysis, the data in Fig. 7 demonstrate the existence
of two different kinds of low frequency motion. The first is a correlated motion of
neighbouring polymer chains and dominates at low frequencies. The second is an
uncorrelated motion of different polymer chains which prevails at frequencies above
two to three meV.

While the idea of two different kinds of low frequency motion is new in the field of
undercooled liquids, it is a well-established concept for amorphous solids [2, 3, 20, 35].
The understanding of the low temperature properties of glasses requires sound waves
interacting with localized excitations. These localized excitations appear as tunneling
states [2], localized vibrations [3] or low-barrier relaxations, depending on the local
details which determine their mode potentials [20]. In this picture, well-defined sound
waves exist only at frequencies up to about two meV. At higher frequencies, they get
overdamped by the rising number of localized vibrations [35].

A very similar picture is suggested by the data in Fig. 7. One has a correlated
motion of different chains - e. g. sound waves - at low frequency and local modes
which interact with the sound waves and dominate the spectrum at slightly higher
frequencies. The continuous and broken lines in Fig. 7 represent a fit of the data
in terms of that picture. Basically, the Q-dependence of the sound wave part was
assumed to follow a Q2S(Q, 0) curve, while the dynamic structure factor of the addi-
tional excitations was chosen to be close to a simple Q2e~2W dependence. In detail,
the fit was more complicated, taking the explicit formulae of Carpenter and Peliz-
zarri [36] for the sound wave part and assuming a frequency-dependent Debye-Waller
factor to account for the influence of multiphonon scattering effects [23]. Contrary
to neutron [37] and x-ray [38] Brillouin scattering where longitudinal modes in the
first Brillouin zone are observed, the Carpenter and Pelizzarri treatment is based on
umklapp processes which enable the observation of both longitudinal and transverse
sound waves at higher Q. The important feature of that analysis is that it allows to
determine in a reasonably quantitative way a frequency-dependent density of sound
waves as well as a frequency-dependent density of additional excitations.

Fig. 8 shows the result of this analysis for three temperatures. As in the case of
the Debye-Waller factors, the total temperature-dependent effective density of states
agrees within experimental error with the one determined from incoherent spectra
of protonated polybutadiene (see Fig. 1), showing the internal consistency of the
analysis. Here, however, that density of states is decomposed into sound wave and
additional parts. In the low temperature glass phase (Fig. 8 (a)), the sound wave
part first rises for frequencies below the boson peak and then decreases for frequen-
cies above, in qualitative agreement with expectation for sound waves interacting
with a broad distribution of local resonant modes. At the glass transition (Fig. 8
(b)), the decrease sets in at considerably lower frequencies, consistent with a sizeable
vibrational softening of both the sound waves and the additional vibrations.

In the undercooled liquid at 237 K (Fig. 8 (c)), the sound wave signal looks like
a broad quasielastic line and does in fact account for a large part of the intensity
previously attributed to the famous fast picosecond process. Note that the sound
wave part extrapolates accurately to the Debye density of states calculated from
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acoustic [10] and Brillouin data [11] for longitudinal and transverse sound waves (the
arrows in Fig. 8).

Thus, using the inelastic coherent formfactors as a fingerprint, we find that a
sizeable part of the low frequency dynamic structure factor stems from correlated,
in-phase molecular motions related to the sound waves. The correlation range £ of
this cooperative motion may be estimated from the width in Q of the sound wave
form factor £ = 2n/AQ « 15A.
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Fig. 8. Fit results in terms of a total effective density of states vs. fre-
quency, plotted as density of states over frequency squared and decom-
posed into a sound wave and an additional excitation part (a) at 60 K
(b) at 180 K (c) at 237 K. The arrows denote the Debye density of states
calculated from acoustic [12] (at 77 K) and Brillouin [13] data.

Superimposed there is a vibrational pattern whose form factor does not deviate
significantly from the conventional Q2e~2W incoherent phonon form factor within
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the Q range of the measurement. In principle, one must reckon with a frequency
dependence of such a vibrational form factor. Moreover there might be an interference
term between sound wave like and additional excitations. However, since it turned
out to be possible to fit all spectra at different temperatures and frequencies with a
sum of the sound wave form factor and just one additional contribution, these other
features are probably weak and can be disregarded.

These data show experimentally the essential role of long range correlated motion
in the low frequency inelastic scattering from glasses and undercooled liquids. This
raises questions on the models commonly applied to the phenomenon of the dynamic
glass transition:

(i) Treating all low frequency excitations on the same footing in a single dynamic
equation, the mode coupling theory of the glass transition [33] predicts the already
mentioned decoupling of the frequency dependent spectral function from the Q depen-
dent form factors. The possibility of important dynamic phenomena on significantly
differing length scales and thereby giving rise to explicitly frequency dependent form
factors is not considered so far.

(ii) In a recent approach following the coupling model of Ngai [7], Colmenero et al
[8, 6] interpreted the short time dynamics of undercooled polymer melts in terms of
local conformational transitions unaffected yet by the interaction with other chains.
The picture is supported by the activation energies for the time scale of the fast
process which agree with local rotational barriers in different polymers. Such a local
picture of the fast process, however, will have difficulties to explain the cooperativity
of the low frequency motion expressing itself in terms of a pronounced sound wave
form factor.

(iii) Finally, also the vibration-relaxation model [8] which starting from the soft
potential model [20] assumes double minimum potentials providing possibilities for
soft vibrations and at the same time for over barrier jumps, cannot easily account for
the observed cooperativity.

Although the strong decrease of the longitudinal and transverse sound velocities
has been well known from Brillouin data [39], its consequence for the dynamic response
of a glass forming material in the meV regime has never been realized before. The
experimental results displayed here require the inclusion of the sound waves and their
interaction with other excitations in any future attempt to understand the anomalous
low frequency dynamics of glass forming polymers and probably that of other glass
formers as well.
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